ABSTRACT: This paper introduces the MEPS Theme Section (TS) 'Comparative Analysis of Marine Fisheries Production'. The unifying theme of the studies in the TS is the relative influence of a 'triad of drivers' -fishing, trophodynamic, and environmental -on fisheries production. The studies were developed during 2 international workshops held in 2010 and 2011, which assembled a database of fisheries, trophodynamic, and environmental time series from 13 northern hemisphere marine ecosystems, and applied a common production-modeling approach to this data. The studies encompass empirical examinations of the datasets, production models fitted to the data at multiple levels of organization from single species to full ecosystems, and simulation studies examining the impacts of climate effects and alternative management strategies on fisheries production. The body of work presented in the TS demonstrates that using both production modeling and the comparative approach together makes rapid progress towards ecosystem-based fishery management, whether the aim is a better understanding of the ecosystem or the provision of operational management advice.
Ecosystem drivers of marine fisheries production
Marine fisheries, which provide an important source of protein for human consumption worldwide (Garcia & Rosenberg 2010) , take place within the larger context of marine ecosystems. The sustainability of fisheries resources is inextricably linked with the sustainability of ecosystem processes (Sherman 1994 , Pikitch et al. 2004 , Link 2010 . Therefore, under standing the linkages between ecosystem processes and fisheries production is critical to the effective management of marine fisheries resources. The unifying theme for the MEPS Theme Section (TS) 'Comparative analysis of marine fisheries production' is that ecosystem processes can be organized into a 'triad of drivers': (1) exploitative, (2) biophysical, and (3) trophodynamic, supporting fisheries production (See Fig. 1 in Link et al. 2012, this TS) . What, however, is the extent to which each of these drivers control fisheries production across marine eco systems? To address this question in the TS, we adopted a comparative approach using a standardized productionmodeling framework. Many multispecies or ecosystem models have been developed over the last few decades, and several reviews are available (e.g. Plagányi 2007 , Townsend et al. 2008 . They range from extended single species models to multispecies minimum realistic models, and from food web models to whole ecosystem models with age and spatial structure. All models have strengths and weaknesses: simplicity may entail missing key processes, whereas complexity requires more data, time and resources. For a comparative exercise such as this, production models (also called biomass-dynamics models) were selected because of their simple data requirements and the flexibility to apply them at different scales of space, time and species aggregation.
Production models have a long history of use in ecology and fisheries science (Graham 1935 , Schaefer 1954 , Pella & Tomlinson 1969 , Ricker 1975 , Hilborn & Walters 1992 . Although many current single species stock assessments used to advise fisheries managers employ more complex age-structured population dynamics models, the simple production model can provide important information for ecosystem-based fisheries management (EBFM; see e.g. Browman & Stergiou 2004 , 2005 , Link 2010 ). Production models require only the basic data inputs of catch and biomass, and so are applicable for incidentally caught, relatively data-poor non-target species as well as data-rich commercial target species. Production models can be applied at multiple levels of organization, from single species to functional groups to ecosystems, simply by summing the appropriate biomass and catch time series. Importantly, biological reference points (BRPs) currently used for fisheries management, such as maximum sustainable yield (MSY), can be derived directly from production models. Therefore, production models are capable of providing BRPs for non-target species, for functional groups, and for whole ecosystems; BRPs that are not estimable from the age-structured single species stock assessment models applied to commercial target species.
The simplicity of the production-modeling approach, combined with the general availability of necessary input data, forms an ideal framework for comparative analysis of marine ecosystems. The comparative ap proach to ecosystem analysis is an effective way to examine the underlying drivers of ecosystem structure and productivity, given that direct marine ecosystem-scale experimentation is usually impractical, and replicate experimentation near impossible (Mu raws ki et al. 2010) . Previous work on marine ecosystems of the northeast Pacific, northwest Atlantic and northeast Atlantic demonstrates the power of the comparative approach for revealing common trends as well as structural differences critical to both ecosystem understanding and management (Drinkwater et al. 2009 , Gaichas et al. 2009 , Link et al. 2009 , Me grey et al. 2009a ,b, Mueter et al. 2009 ). In this MEPS TS, we extend this work, using the standardized production-modeling framework, which allows for direct comparisons of BRPs and other model-derived quantities of interest across ecosystems.
Workshops
Two international workshops focusing on annual surplus production-modeling were held in May of 2010 and 2011 in Woods Hole, Massachusetts, USA (Link et al. 2010 ). These workshops, jointly funded by the US Comparative Analysis of Marine Ecosystem Organization (CAMEO), the Norwegian Research Council (NRC), and the Fishery and Oceans Canada Ecosystem Research Initiative (ERI), extended previous comparative work, including many of the same ecosystems (Megrey et al. 2009c ), but with focus on the common surplus production-modeling framework. Our late colleague and friend Bernard Megrey was instrumental in developing the productionmodeling approach for these workshops, in fostering the international collaboration, and in enthusiastically promoting the comparative approach to marine ecosystem analysis. We dedicate the TS to him (Moksness et al. 2012) .
At the May 2010 workshop, biomass and catch time series data were compiled for 13 Northern Hemisphere ecosystems ranging from the northeast Pa ci fic to the northwest and northeast Atlantic (See Fig. 2 Tables 1 & A1 ). In addition, time series for environmental covariates (e.g. sea surface temperature, the North Atlantic Oscillation), and trophodynamic covariates (e.g. primary production, predator biomass, diet ma tric es) were assembled for each ecosystem (Bundy et al. 2012 , their Tables 2 & A2, Fu et al. 2012 Table 2 ). The standardized database built for this project during the first workshop provided the foundation for the comparative analyses presented in this TS. The database, with over 70 000 records and including 466 biological and 162 environmental time series across the 13 ecosystems, is itself a significant contribution to EBFM. At the workshop, experts from each ecosys-tem identified key environmental covariates and mechanisms for testing, and also assigned species to appropriate aggregate groups (e.g. pelagic vs. benthic feeder, large vs. small size category) for crosssystem comparisons. Standardization and quality control of the database was completed simultaneously with initial production model development between workshops.
During the May 2011 workshop, several working groups applied the production models to the data from all of the ecosystems: working groups focused on comparing ecosystems by evaluating empirical data, single species production models, full ecosystem production models, and production models applied at intermediate aggregation levels for habitat, size, feeding functional group, and taxonomic categories. Comparisons were primarily across ecosystems, but also among modeling approaches, aggregation methods, driver types (i.e. fishing, biophysical, trophodynamic) and driver scales (i.e. basin, local).
Results
The comparative modeling and empirical work conducted by workshop attendees and presented in this TS identify emergent trends and common patterns governing fishery productivity in northern hemisphere temperate marine ecosystems. Two papers examine the rich time series data assembled in the database empirically (Fu et al. 2012 , Pranovi et al. 2012 . Using multivariate approaches, Fu et al. (2012) compared temporal variability in ecosystem indicators derived from biomass or catch data across the ecosystems, finding that catch-based indicators showed consistent trends primarily within ocean basins. Structural equation modeling related the triad of drivers to both biomass-and catch-based ecosystem indicators, revealing that biophysical drivers tended to influence biomass-based indicators, exploitative drivers influenced catch-based indicators, and that trophodynamic drivers had some influence across both biomass-and catch-based indicators (Fu et al. 2012) . A potential new ecosystem indicator is presented by Pranovi et al. (2012) who examine cumulative biomass curves by trophic level and their changes through time in all of the ecosystems. Changes in the inflection point and slope of the curves may be used as indicators of community status, with some ecosystems showing trophic stability over time, and others substantial structural changes (Pranovi et al. 2012 ).
Three studies presented in this TS fit production models to the data from as many of the 13 ecosystems as possible, at various levels of aggregation (Bundy et al. 2012 , Holsman et al. 2012 , Lucey et al. 2012 . All compared a production-modeling approach (i.e. a simple linear regression and/or a dynamic model) with a null model of constant surplus production. Holsman et al. (2012) applied models at the single species level of organization, comparing both cod and herring production across ecosystems. Lucey et al. (2012) applied models at intermediate levels of organization, including habitat-based groups (i.e. demersal and pelagic), size-based groups (i.e. small, medium, and large average adult size), and trophic functional groups (i.e. planktivores, zoopivores -shrimp-feeders, piscivores, and benthivores). Bundy et al. (2012) applied models at the full system level. In nearly all cases, a production-modeling approach provided better fits to the data than the null model across all levels of aggregation. A striking result of all 3 studies was the general similarity of estimated BRPs across ecosystems at each level of organization, a result highlighted in a synthesis paper . Two of these studies also explored whether including system-specific environmental covariates would improve model fits; their results support the hypothesis that environmental covariates affect fisheries production at both the single species and full ecosystem levels (Bundy et al. 2012 , Holsman et al. 2012 .
Four other contributions focus on fisheries production and management implications, either in particular regions or at a larger scale. Two papers use simulation modeling to address the influence of the triad of drivers on BRPs in 1 or 2 representative ecosystems (Gaichas et al. 2012 , Gamble & Link 2012 , and 1 study compares the results of fitted production models at the system and single species level within a single ecosystem, the Gulf of Maine (Fogarty et al. 2012) . Finally, a synthesis paper examines the implications for EBFM across all of the studies . Simulation modeling was conducted using MS-PROD, a multispecies production model incorporating both competitive and predatory species interactions (Gamble & Link 2009). Gaichas et al. (2012) used MS-PROD, parameterized for two 10-species communities based on Georges Bank and the Gulf of Alaska, as an operating model within a management strategy evaluation (MSE) framework to determine how best to structure aggregate species complexes to achieve the dual objectives of maximizing yield and maintaining biodiversity. Gamble & Link (2012) parameterized MS-PROD for the wider northeast US continental shelf ecosystem, to examine the potential effects of climate change on BRPs. Moving from simulation to model fitting for operational management advice, Fogarty et al. (2012) used the Gulf of Maine ecosystem as a case study comparing the results of a system-level aggregate production model with a set of single species production models, as well as the results of single species stock assessments. That study, as well as the overall synthesis, reiterates that the sum of single species BRPs exceeds any aggregate BRP for the ecosystem (Fogarty et al. 2012 , an important overall finding for EBFM.
In summary, the body of work presented in this TS demonstrates that using both production modeling and the comparative approach together makes valuable and rapid progress towards EBFM, whether the aim is a better understanding of the ecosystem, or the provision of operational management advice. The breadth and depth of analyses presented here (which were achieved within a 2-yr timeframe) highlight the utility of relatively simple models combined with long-term time series maintained by the participating international institutions. This body of work also highlights the benefits of collaborative projects where the total profit to be gained is much greater than the sum of the parts (contrasting with findings reported here that multispecies MSY is generally less than the sum of single species MSYs). We expect that this approach will be useful in other areas of the world, especially where data may be limiting but EBFM is equally as important. 
